Abstract
i
Minimization factor of power loss.
(i)
Membership value for power loss. βi Maximization factor of bus voltage deviation.
(βi)
Membership value for bus voltage deviation.
NB
Total number of bus of the system.
Vs
Voltage of the substation, in p.u.
Vi,j
Voltage of node corresponding to the opening of the i-th branch in the loop, in p.u.
|Ii,m| Electric current magnitude of branch-m when the i-th branch in the loop is opened.
Ic,m
Line capacity of branch-m.
i
Maximization factor of branch current loading index.
(i )
Membership value for current loading index. LBI Load balancing index, represents the degree of loading among feeders.
IFi,j
Electric current of feeder corresponding to the opening of the i-th branch in the loop.
IFFi,max
Maximum of all the currents corresponding to the opening of the i-th branch in the loop = max(IFi,j), for j = 1, 2, 3, …, NF.
networks. Reconfiguration of the network is built through switching operation of the switches. In modern electrical power distribution systems, the multi-objective network reconfiguration problem has assumed significant importance. The multi-objectives are considered for minimizing the active power loss, load balancing among the feeders, and improving voltage profile, while subject to a radial network structure in which all loads must be energized. Moreover, the great demands of renewable energy resources with respect to energy reserve and environmental issues make the new small generator technologies such as solar photovoltaics, wind farms, micro hydro, and other resources more and more popular. The technologies that have capacity of less than 10 MW commonly powered by renewable energy sources that are connected to transmission or distribution systems is called distributed energy resources (DER) [1] . It is also known as Distributed Generation or Distributed Resources. The number and size of DER connected to distribution systems is rapidly increasing. The advantages of integration of DER in power distribution network are typically for grid reinforcement, reducing power losses and on-peak operating costs, improving voltage profiles and load factors and thus deferring or eliminating system upgrades, which is the dominant effect distribution system in rural networks [2] [3] [4] [5] [6] [7] . Increasing in levels of DER will need to change planning and design of distribution networks to harness approaches that use information and communication technology to actively manage the network [8] [9] . Many researches in literature have been studied for minimization of active power loss via reconfiguration of distribution networks. These study efforts can be broadly classified into two categories: conventional approaches [3, [10] [11] [12] [13] [14] [15] and artificial intelligent (AI) based approaches [4] [5] [6] [7] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The conventional approaches include classical and heuristic optimization algorithms. The first effort of distribution network reconfiguration with aim for loss reduction was proposed by Merlin and Back [10] . They have used a conventional technique which considering a branch and bound to determine the minimum loss configuration. After that, many conventional method that aim to reduce the active power loss of distribution network. Chen and Cho [11] have proposed the energy loss reduction using critical switches operation, while Borozan et al. [12] [13] have considered the application aspects of optimal distribution network reconfiguration. An optimization method to determine the network configuration with minimum energy losses for a given period has proposed by Taleski and Rajicic [14] . Lin and Chin [15] have proposed a network reconfiguration technique using voltage, ohmic, and decision indexes to determine the switching operation. For most of conventional approaches, these techniques do not necessarily guarantee global optimization.
The effort of distribution network reconfiguration based on AI has proposed by Zhou et al. [16] . They have used two algorithms for optimization of distribution network configuration in order to service restoration and load balancing. In their study, combination of heuristic rules and fuzzy logics in optimization purposes for efficiency and robust performance is used. The use of genetic algorithm (GA) for distribution network reconfiguration technique in order to minimize the active power loss has proposed by Nara et al. [17] , while Enacheanu et al. [18] has proposed the GA based on the matroid theory and graph theory. Mendoza et al. [19] have proposed a new methodology using GA with the help of fundamental loops for reconfiguration of distribution networks. Jeon et al. [20] and Augugliaro et al. [21] have proposed simulated annealing algorithms in large scale distribution system for active power loss reduction purpose.
Rao et al. [22] have proposed the use of harmony search algorithm (HSA) for optimal large-scale distribution network reconfiguration. The algorithm is a method which is conceptualized using the musical process of harmony searching in perfect state. Farahani et al. [23] have proposed network reconfiguration network based on a simple branch exchange method of single loop. In the method, loops selection sequence affects the optimal configuration and the network loss. Also, discrete GA is used to optimize the location and size of capacitors. The algorithm is tested on an IEEE 77-bus distribution system, as used in our study. The applications of fuzzy multi-objective method for optimal distribution network configuration have presented by Das [24] , Filipiak and Stepien [25] , Niknam et al. [26] , and Syahputra et al. [27] . In the method, there are several objectives include active power loss, load balancing among the feeders, deviation of bus voltage, and branch current constraint violation for simultaneously modeled and proceed. Criteria for selecting a membership function for each objective are not provided in their works. Also, weights of each objective are not considered.
In our study, the formulations of the distribution network reconfiguration problem as a multi-objectives problem subject to electric and operational constraints are performed. The objectives considered are: minimization of the active power loss, minimization of the deviation of nodes voltage, minimization of the branch current constraint violation, and load balancing among various feeders.
The above objectives are transformed into fuzzy sets using different type of fuzzy membership functions. Radially of the distribution network must remain after reconfiguration in which all loads must be simultaneously energized. The main advantage of this study is to propose a novel network reconfiguration method based on the fuzzy multi-objective algorithm with DER in which all objectives may be simultaneously weighted. The weights of all objectives are dependent on the priority of optimization. Weighting of objective functions is an important issue in a multi-objective optimization [28] [29] . The objective of minimization of active power loss is the main important in our work. Therefore, the proposed method can provide another useful algorithm for the optimization of distribution network configuration with DER integration.
II. Power Distribution Network with Integration of DER
In this study, two types of DER are modeled to connect to distribution network, solar photovoltaics and wind farms, respectively. The operation of the DER is considered to be at steady state. Therefore, the DER from solar photovoltaics is modeled as injected only active power, while DER from wind farms is modeled as injected both active and reactive power, Pi and Qi, respectively.
In the first study, the 20-kV radial distribution system has examined. The system has one substation, two feeders, and 77-bus as shown in Fig.1 . The switches of the distribution system consist of 114 sectionalizing switches and 10 tie switches. Tie switches of this system are open in normal conditions. Fig.1 shows the initial configuration of distribution network without DER integration. Load and branch data of the IEEE 77-bus distribution network can be found in [23] .
In order to analyze the impact of DER integration to distribution network, we have installed as many as 14 DERs on buses 5, 7, 14, 22, 28, 34, 36, 41, 46, 54, 59, 68, 70 and 74, respectively, as shown in TABLE I. The DER models that have used in our study consist of both solar photovoltaics and wind farms. DER solar photovoltaics with unity power factor and wind farms with power factor from 0.8 to 0.9 (lagging) are assumed.
In the second study, the proposed extended fuzzy multi-objective method is implemented in real power distribution system. In this case, a 20-kV electric power distribution system of the Provincial Electricity Authority of Yogyakarta, Indonesia, is selected to illustrate the performance of the method. [23] Yogyakarta is one of the provinces in Indonesia which is located in Java islands. Fig. 2 describes the practical one-line diagram of the system. The system has 13 feeders that are powered by two 60 MVA power transformers, but the study has focused on feeder 6, 7, and 11, respectively. The selection of the three feeders is because the most complex of all existing feeders. All three feeders have 60 bus and 56 load points. Load and branch data of the network can be seen in Appendix. The total capacity of all feeders of the test system is 26547 kW.
In order to analyze the impact of DER integration to distribution network, we have installed as many as 14 DERs The DER models that have used in our study consist of both solar photovoltaics and wind farms. DER solar photovoltaics with unity power factor and wind farms with power factor from 0.8 to 0.9 (lagging) are assumed.
III. Extended Fuzzy Multi-objective Method

III.1. Problem Formulation
Network reconfiguration is a very important function of automated distribution systems to reduce power losses, to improve bus voltage profile, to balance load, and to improve system security. Loads can be transferred from feeder to feeder by changing the states of sectionalizing switches and tie switches. In this paper, network reconfiguration for active power loss minimization can be formulated as follows:
where Ploss is active power loss; Pi and Qi are the active and reactive powers flowing out of bus, respectively; nb is the number of branch, and Ri and Vi are the resistance and voltage magnitude at bus i, respectively. The optimization also took into consideration the subject to the following: voltage magnitude constraint, current magnitude constraint, power source limit constraint, and radial network constraint. The proposed algorithm transforms the multiobjectives of the reconfiguration problem into a single objective optimization problem using fuzzy set theory. In the fuzzy domain, each objective is associated with a membership function. The membership function indicates the degree of satisfaction of the objective. The fuzzy membership functions of [24] [25] [26] have not considered the weight factor for each objective. The four objectives which are constructed in fuzzy membership function include: active power loss reduction, maximum bus voltage deviation, maximum branch current loading index, and load balancing among the feeders.
III.2. Fuzzy Membership Function for Power Loss
The main purpose of optimization of distribution network configuration is reducing the active power loss. Therefore, the first assignment of constructing the fuzzy membership function is how to reduce the active power loss of the distribution system. The ratio of total active power loss after and before reconfiguration may be defined as
where, Nk is the total number of branches in the loop including sectionalyzing-branch and tie-branch when i-th tie-switch is closed; Ploss,i is the total active power loss of the system when i-th branch in the loop is opened; and Ploss,B is the total active power loss before reconfiguration. It can be indicated that if i is high, active power loss reduction is low and, hence, a lower membership value is assigned and if i is low, the active power loss reduction is high and a higher membership value is assigned. The fuzzy membership function of the objective is assigned to be trapezoidal fuzzy as shown in Fig. 3 . It has been assumed that min = 0.5, max = 1.0, and the weight factor for the membership function is 0.3. 
III.3. Fuzzy Membership Function for Bus Voltage
The purpose of constructing this membership function is that the deviation of bus voltage should be less. 
where, NB is total number of bus of the system; Vs is voltage of the substation, in p.u; and Vi,j is voltage of node corresponding to the opening of the i-th branch in the loop, in p.u. The membership function of the objective is also assigned to be trapezoidal fuzzy as shown in Fig. 4 . It has been assumed that min = 0.05, max = 0.1, and the weight factor for the membership function is 0.225.
In fuzzy environment of the research, if the maximum voltage deviation is less, then a higher membership value is assigned and if deviation is more, then a lower membership value is assigned. Fig. 4 shows the membership function for maximum node voltage deviation. From Fig. 4 , the membership value of µ(βi) can be written as 
III.4. Fuzzy Membership Function for Branch Current Loading Index
The basic purpose for constructing this membership function is to minimize the branch current constraint violation. The branch current loading index may be defined as The trapezoidal fuzzy membership function of the objective is shown in Fig. 5 . When the value of branch current index exceeds unity, a lower membership value is assigned and as long as it is less than or equal to unity, the maximum membership value is assigned. It has been assumed that min = 1.0, max = 1.15, and the weight factor for the membership function is 0.2. From Fig. 5 , the membership value of µ(i) can be written as 
III.5. Membership Function for Feeder Load Balancing
Load balancing is one of the main objectives of distribution network reconfiguration. Load balancing index (LBI) represents the degree of loading among feeders. This index measures how much a branch can be loaded without exceeding the rated capacity of the branch. An effort to increase the margin of heavily loaded feeders is to transfer part of their loads to lightly loaded feeders of distribution system.
The load balancing index may be defined as where, IFi,j is electric current of feeder corresponding to the opening of the i-th branch in the loop; IFFi,max is the maximum of all the currents corresponding to the opening of the i-th branch in the loop = max(IFi,j), for j = 1, 2, 3, …, NF.
The maximization factor of load balancing index may be defined as (11) It has been assumed that min = 0.10, max = 0.50, and the weight factor for the membership function is 0.275.
III.6. Fuzzy Multi-objective Algorithm
Fuzzy multi-objective method in this study has been extended by adding a weighting factor to each objective function.
The addition of this weighting is an extension of the method presented in reference [24] . Giving weight factors are important in multi-objective optimization, but it has not been used in the distribution network reconfiguration.
The weighting of the objective function is for power losses by 0.3, for the objective function of the bus voltage by 0.225, for the current branch loading index by 0.2, and for load balancing by 0275. The proposed extended fuzzy multi-objective algorithm for the optimization of distribution network configuration in this study is shown in Fig. 7 .
IV. Test Results
In order to demonstrate the effectiveness of the proposed method, it is applied to two test electrical distribution systems, i.e. IEEE distribution system of 77-bus with DER integration and Yogyakarta Indonesia distribution system of 60-bus with DER integration.
The optimization of distribution network configuration with considering DER using extended fuzzy multiobjective method was implemented in Matlab software, and the simulations were performed on an Intel® core(TM) i5-3337U CPU@1.80 GHz, 4 GB RAM. 
IV.1. IEEE Distribution System of 77-Bus with DER Integration
In the first study, the IEEE distribution system of 77-bus has examined, as shown in Fig.1 . For base case, before reconfiguration the network, the total active power loss of the network under study is 229.64 kW. The active power loss dispersed of each bus of distribution network for the base case has shown in Fig. 8 . In this state, the minimum voltage is 0.914 p.u magnitude that occurred on bus 76.
From the result of our case study, it can be seen from the 77-bus test system that integration of DER has the effects of reduction the active power loss over feeders in this particular case. Load flow simulation results show that the total active power loss of the system with DER integration is 179.87 kW, or, in other words that the efficiency of distribution network is 94.63%, as shown in TABLE III. For voltage profile evaluation has resulted that the minimum voltage is 0.934 p.u in bus 76. After experimenting the extended fuzzy multiobjective technique for reconfiguration purpose, the total active power loss is 165.07 kW, or the other words, the efficiency of distribution network under study is 95.05%, as shown in TABLE II.
The power loss dispersed of each bus of distribution network with DER integration after reconfiguration has shown in Fig. 9 . From the results of our study which has shown in Fig. 8 and Fig. 9 , it is observed that the losses in almost every bus is reduced, except at 4, 6, 16, 17, 18, 19, 20 , and 53, where the losses are increased because of shifting of loads onto these feeders. The minimum voltage is 0.949 p.u magnitude that occurred on the bus 76. Voltage profile for each bus of IEEE 77-bus test system has shown in Fig. 10 . As can be seen in Fig. 10 and TABLE III that the minimum voltage magnitude before reconfiguration is 0.914 p.u which occurred on bus 76, while the minimum voltage magnitude after reconfiguration is 0.949 p.u which occured on the same bus. Impact of DER installations in several locations of IEEE 77-bus test system is an increase in the magnitude of the bus voltage significantly. The maximum voltage after reconfiguration is 0.999 p.u magnitude which occurred on bus 36, as shown in Fig. 10 . From the result of the IEEE 77-bus radial distribution network test system that DER has the effects of loss reduction improvement and increasing in voltage magnitude over feeders, and the topological structures of optimum network in base case are different from those with DER integration. Based on the 77-bus radial distribution system with DER integration, the proposed method in this paper has significant loss reduction in order to improve the performance of electrical distribution system with considering the DER integration.
IV.2. Yogyakarta Distribution System of 60-Bus with DER Integration
In the second study, the proposed method is tested on a real-life 60-bus Yogyakarta power distribution system. In this case, a 20-kV electric power distribution system of the Provincial Electricity Authority of Yogyakarta, Indonesia, is selected to illustrate the performance of the method, as shown in Fig. 2 . The system has 13 feeders that are powered by two 60 MVA power transformers.
For base case, before reconfiguration the network, the total active power loss of this system is 656.20 kW, or, in other words that the efficiency of distribution network is 97.53%, as shown in TABLE IV. The loss dispersed of each bus of distribution network for the base case has shown in Fig. 10 . In this state, the minimum voltage that occurred on bus 50 is 0.907 p.u magnitude. From the result of our real-life case study, it can be seen from the Yogyakarta 60-bus test system that integration the DER has the effects of loss reduction improvement over feeders in this particular case.
By using load flow simulation, it is resulted that the total active power loss of the system with DER integration is 649.82 kW, or, in other words that the efficiency of distribution network is 97.55%, as shown in After experimenting with extended fuzzy multiobjective technique for reconfiguration purpose, optimization result of Yogyakarta distribution network configuration that the best configuration is achieved by connecting both tie switch of 3/S3-265 and 90/S3-125z for on position, while both sectionalizing switch of 80B/S1-172Z and 141/S3-125z for off position. The total active power loss in this case is 631.07 kW, or the other words, the efficiency of distribution network under study is 97.64%, as shown in TABLE IV.
The power loss dispersed of each bus of distribution network with DER integration after reconfiguration has shown in Fig. 11 . From the results of our study which has shown in Fig. 10 and Fig. 11 , it is observed that the losses in almost every bus is reduced, except at 3, 7, 11, 16, 17, 23, 34, 40, 43 and 55, where the losses are increased because of shifting of loads onto these feeders.
Voltage profile for each bus of Yogyakarta 60-bus test system has shown in Fig. 13 . As can be seen in Fig. 13 and TABLE IV that the minimum voltage magnitude before reconfiguration is 0.907 p.u which occurred on bus 50, while the minimum voltage after reconfiguration is 0.937 p.u which occurred on the bus 20. The impact of DER installation in several location of Yogyakarta 60-bus test system is increasing on bus voltage magnitude significantly. The maximum voltage after reconfiguration is 0.999 p.u magnitude that occurred on bus 43, as shown in Fig. 13 .
From the result of our case study of Yogyakarta distribution system, it can be seen from the 60-bus radial distribution network test system that DER has the effects of loss reduction improvement over feeders in this particular case, and the topological structures of optimum network in base case are different from those with DER integration. Based on the Yogyakarta 60-bus radial distribution system with DER integration, the proposed extended fuzzy multi-objective method in this paper has significant loss reduction in order to improve the performance of electrical distribution system with considering the DER integration. As shown in TABLE IV, by using the proposed method, not only efficiency of distribution network are more increased but also minimum voltages at bus of the network are increased compared to the network before reconfiguration.
V. Conclusion
In this paper, an efficient method for optimization of distribution networks configuration including DER integration in order to improve the performance of the networks has been presented. The effectiveness of the method has been demonstrated by an IEEE 77-bus distribution network test system and Yogyakarta 60-bus test system. The excellence of the proposed method is the capabilities of reducing the active power loss and increasing the voltage magnitude of each bus of distribution network in order to improve the performance of the network. The simulation result show that for IEEE 77-bus test system, a 1.80% of distribution network efficiency improvement is achieved by the method. And, the simulation result for Yogyakarta 60-bus test system show that a 0.11% of distribution network efficiency improvement is achieved by the extended fuzzy multiobjective method. 
Appendix
